Proteases from haloalkaliphilic microorganisms are biocatalyst with a great interest to be studied in biotechnological implications. Nevertheless, available methods to assay haloalkaliphilic proteases on protein substrates are few, are carry out to end point and implies the use of complicated steps. This work proposes the development and validation of a real time protease assay. We found pairs of indicator-buffer useful to carrying out the tests at pH of 7.4, 8.2, 9.7 and 10.9. Sodium caseinate, proposed as substrate, was soluble in all the conditions tested. The addition of salts to the reaction medium was explored; being feasible to carry out test up to 4 M of NaCl and 2 M of KCl. The linearity, accuracy, quality and sensitivity of the proposed method were validated. Quality measurements were obtained, with a Z Factor greater than 0.5, in tests performed using 40 ng×mL −1 of enzyme, in addition to a linear response to the biocatalyst concentration. The method is developed in microplate format, what makes it a time efficient method to be used for alkaline and halophilic proteases but also for non halophilic ones. Keywords: protease activity, haloalkaline, protease screening, casein, pH-indicator.
Introduction
Time efficient and sensitive methods are essential in biotechnology in different areas as virology, cancer research or fermentation process (Wiegmann et al., 2018; Kang et al., 2018; Zhou et al., 2017) among others. Enzymatic activity measurements are essential in biotechnological process. One of the most used enzymes are proteases, which are used at elevated temperatures, pH and ionic strength. Proteases are enzymes that hydrolyze peptide bonds of polypeptides or proteins to release small peptides and amino acids (Rawlings et al., 2012) . They represent one of the most valuable industrial enzymes, extensively exploited commercially in food, pharmaceutical, leather, bakery, textile, silk, brewing, photography, bioremediation, dairy, biosynthesis and detergent industry (Coelho et al., 2016; Contesini et al., 2018; Tovar-Jimenez et al., 2017) . These kinds of enzymes are ubiquitous and are found in a wide diversity of sources such as plants, animals, and microorganisms (Rao et al., 1998) .
Microorganisms like halophiles or alkalophiles are adapted to more than one environmental stressor and allows them to survive under saline and alkaline conditions and produce alkaline proteases. These kinds of proteases with high stability (salt, pH, temperature, among others) are efficient biocatalyst to be used in varied biotechnological implications and are in high demand (Raval et al., 2014) .
Due to the importance of proteolytic enzymes, a great number of methods are available to assay protease activity on protein and synthetic peptide substrates (Charney et al., 1947; Götze et al., 2011; Bremmer et al., 2012) . In the last decade, scientists dedicated to the discovery, production, optimization and purification of alkaline, halo-alkaline and halo-tolerant proteases have been using casein as substrate to quantify protease activity, an example is the thermostable alkaline protease from Yarrowia lipolytica (Hernández-Martínez et al., 2017; LopezFlores et al., 2016) and, to a lesser extent, have also used other substrates such as azo-casein, hemoglobin and chromogenic peptides ( Supplementary Fig. 1 ). Proteolytic assays using protein substrates such as casein, azo-casein and hemoglobin are carried out by discontinuous sampling and they require multiple steps (Coelho et al., 2016; Cupp-Enyard 2008) . One of the drawbacks associated with the use of such methods is that the unreacted substrate must be precipitated with a strong acid (TCA 5-10%). It is necessary to incubate the sample for a while to allow the precipitate to form (usually 1 hour at room temperature or with cold shock at 4 or -20°C) and centrifuge to remove the precipitate. Generally, it is also required to neutralize the assay solution before quantifying the peptides released. Another major problem with these methods is that discontinuous sampling does not allow detection of lag phase or reaction saturation easily, so the enzymatic activity could be underestimated.
On the other hand, although chromogenic peptides allow the protease activity assays, these substrates are hydrolyzed by site specific proteases and are not useful for non-specific enzymes discovery.
In this study a new assay compatible with high throughput screening to measure the activity of haloalkaline and alkaline proteases was developed. In this method the hydrolysis of casein was followed indirectly by using pH-indicators.
Materials and methods

Chemicals and enzymes
MOPS (M1254 Sigma Aldrich), TRIS (T4661 Sigma Aldrich), CHES (C8210 Sigma Aldrich), CAPS (C2632 Sigma Aldrich), phenol red (114529 Sigma Aldrich), cresol red (114472 Sigma Aldrich), phenolphtalein (105945 Sigma Aldrich), mordant orange 1 (195073 Sigma-Aldrich), sodium caseinate from bovine milk (D8654 Sigma Aldrich), DMSO (D8418 Sigma Aldrich), protease from Bacillus licheniformis (P4860 Sigma-Aldrich) and protease from Bacillus sp. (P3111 Sigma-Aldrich). Savinase® (Ultra 16L) was purchased from Novozymes and Curtizyme® was purchased from ENMEX.
pH-based method procedure
At the time of the test, the substrate mixture for the enzymatic reaction was prepared in a volume of 10 mL by mixing distilled water, 25 µL of buffer, 500 µL of sodium caseinate, 60 µL of pH-indicator, and convenient volume of salt stock solution according to desirable concentration of salt. A buffer-indicator pair was used for each pH of reaction according to Table  1 , and corresponding pH was adjusted to substrate mixture. Then, 20 µL of conveniently diluted enzyme was deposited in a microwell of a 96-well microplate. Additionally, 20 µL of culture media or diluted buffer according to the pH of reaction (at the concentration indicated in Table 1 ) was deposited in a separated microwell to serve as the blank of the reaction. Immediately, 100 µL of substrate mixture were added to each microwell with an eight-channel pipette and microplate was positioned in an X-mark microplate reader. Readings were performed every 30 seconds for a time span of 5 to 15 minutes at the corresponding maximum wavelength for each indicator (Table 1) . Kinetics were carried out at 37°C with a shake of 5 seconds before each reading and the assays were performed in triplicate ( Supplementary Fig. 2 ). Hydrochloric acid calibration curves were made at all conditions tested for the quantification of protease activity. One unit of protease activity is defined as the amount, expressed in micromoles of hydrochloric acid, of amino groups released from casein per minute. Protease activity was calculated as equation (1).
Were Reaction rate and Blank rate are given in OD×min −1 and corresponds to absorbance decrease of reaction catalyzed by enzyme and changes in absorbance due to background signal, respectively. Standard slope corresponds to slope of hydrochloric acid calibration curve in mM×OD −1 . Factor 120 is the volume (µL) used in protease assay. Factor 20 is the volume (µL) of enzyme tested.
Linearity, sensibility and quality of pHbased method
The linear relationship of the detection of enzymatic activity as a function of the enzyme concentration was analyzed. For this, serial dilutions of Savinase were tested in the presence of 2 M NaCl, 2 M KCl or without salt, at all pH proposed. Effect of Savinase amount on the steady-state reaction rate was measured. Lower limit of detection was expressed as the mean of background signal plus three standard deviation of background signal.
In addition, quality of assays as a function of the enzyme concentration was estimated using the following Z factor equation (2) (Zhang et al., 1999) :
Where µ and σ represent the means and the standard deviations of enzymatic reactions, Reaction rate and Blank rate represent absorbance decrease of reaction catalyzed by enzyme (positive control) and changes in absorbance due to background signal (negative control), respectively. The µReaction rate -µBlank rate is the separation between the readings for the controls. For a robust assay, it is necessary to have Z Factor greater than 0.5, Z < 0 is a sign of poor quality (Zhang et al., 1999) .
Analysis of the accuracy of pH-based method, effect of ionic strength
Accuracy was tested through a comparison of simultaneous assays using pH-based method and classical Folin's reagent in the same conditions. For this, the effect of the ionic strength (0-4 M NaCl concentration on the protease activity of Savinase (0.58 µg×mL −1 ) and protease from Bacillus licheniformis (2.26 µg×mL −1 ) was tested with both methods at pH 9.7 and 37 ºC. Assays with Folin's reagent were performed according to Cupp-Enyard (2008) with slight modifications: a 0.5 % (w×v −1 ) sodium caseinate solution in 25 mM CHES buffer was used as substrate and the reaction volume was 600 µL.
Analysis of pH range of assay
To corroborate the effectiveness of the pH-based method to testing alkaline proteases, Savinase activity was measured at pH 7.4, 8.2, 9.7 and 10.9 using buffer and indicator pairs described in Table 1 .
3 Results and discussion
Biochemical foundation of the method
A spectrophotometric method was developed in microplate format for the measurement of protease activity at different ionic strength and alkaline pH. This method allows the quantitative analysis of numerous samples simultaneously. The fundament of the method consists in measuring indirectly the protein structure peptide bond cleavage in a weakly buffered solution by using a pH-indicator. When a peptide bond is cleaved by a protease, a proton is released if the pH of the reaction media is alkaline (Adler-Nissen 1993) (Fig. 1a) . Then, a pH-indicator is protonated, and its color was change due to a change on its structure (Fig.  1b) . Enzymatic reaction can be monitored at certain time intervals by measuring the absorbance at a given wavelength, which depends on the pH-indicator used. , and effect of enzyme amount on the steady-state of reaction rate (g, h, i). Assays were carried out at pH 9.7 and kinetics were done using Savinase enzyme. Biochemical foundation of the method is based in the acid dissociation constant (pK a ) of the reagents. For this reason, the pH level of the reaction media and the pK a of the indicators and buffers play a fundamental role for the good development of the methodology as well as the degree of dissociation of amino groups. For a linear response pK a of indicator and buffer used as well as reaction pH should be similar (Rosenberg et al., 1989; Janes et al., 1998) In addition, to detect the released protons, pH of reaction media must be equal to or greater than pK a of the reaction products (Camacho-Ruiz et al., 2015) . As reported by Adler-Nissen (1986) , the amino groups of the peptides that are produced during proteolysis of casein maintain a pK a of about 7.3 to 7.6, at 30 to 40°C. Therein, buffer-indicator pairs were selected which were useful for performing assays in a pH range ranging from 7.5 to 10.9. On the other hand, the sensitivity of the method depends on the concentration of the buffer and indicator. By increasing the concentration of the indicator and decreasing the concentration of the buffer, greater sensitivity will be achieved. The concentration of the indicator is link on its solubility in water and its absorbance value observed is related to the maximum wavelength h. The concentration of the buffer is a compromise between sensitivity and buffering of pH changes. Having small pH changes is important because the kinetic properties depend on the pH of the reaction. For this method, a concentration of 2.5 mM buffer was empirically selected, which ensures small changes in pH (<0.05 pH units for a change in absorbance of 100 mOD under the conditions of the method; Supplementary Fig. 3 ).
In addition, assays were performed to determine the maximum wavelength and the appropriate indicator concentration ( Supplementary Fig. 4 ). Data Table 1 shows a summary of the pK a values and concentrations of each selected buffer-indicator pair, as well as the maximum wavelength and indicator turn color.
Substrate solubility and stability
For the development of the pH-based method it was proposed the use of sodium caseinate, which is a standard substrate for proteases (Alkanhal et al., 1985) . This substrate was selected because its solubility in water even in the presence of high salt concentrations over a wide alkaline pH range.
At the concentration used for the tests (0.5% w×v −1 ), complete solubility of sodium caseinate was observed in all pH level and salt concentrations tested. However, a system to determine activity at pH 10.9 in solutions containing 2 M NaCl or more could not be established because Mordant Orange 1 precipitated, but in all other test conditions, the indicators were completely soluble.
Once the substrate and indicator were solubilized, these remained soluble throughout the assay. However, it is not recommended to conserve the prepared reaction solution for more than half an hour because, over time, some of the indicators lost their coloration on their own. It is therefore suggested to prepare the reaction solution fresh before use. In addition, the substrate stock solution must be kept frozen in aliquots to avoid degradation.
It should be mentioned that at the time of reaction solution preparation, it is necessary to adjust the pH of the same for the accomplishment of a correct test. The solutions with the correct pH will become reddish or fuchsia depending on the indicator used ( Supplementary Fig. 5 ).
System calibration
To quantify enzymatic activity, calibration curves were performed for each of the test conditions. Examples of standard curves of hydrochloric acid at pH 9.7 in three different salinity conditions are shown in Fig. 2a , 2b, 2c. As can be seen, a linear relationship between acid concentration and absorbance of the solution was obtained. In all cases a determination coefficient R 2 of 0.9 was observed considering concentrations of hydrochloric acid from 0 up to at least 0.6 mM.
It should be noted that it is necessary to perform standard curves for each of the test conditions; this will reduce the error due to interference of the reaction medium with pK a values.
Enzyme reaction progress curve
The commercial protease Savinase from Novozymes was used to carry out the validation of the method due to its biochemical characteristics that allow it to be active in all the evaluated test conditions. Being that Savinase is a commonly used protease in liquid and powder laundry formulations recommended for washing solutions with a pH ranging from 6.5 to 11.
Enzymatic kinetics were performed using Savinase at all proposed pH level for the method (Supplementary Fig. 6 ) and at different salt concentrations, observing enzyme activity in each of the reaction conditions. Some examples of typical kinetics of Savinase at pH 9.7 in the presence and absence of 2 M NaCl or 2 M KCl are shown in Fig. 2d , 2e, 2f. Protease activity was observed by a decrease in the absorbance of the reactant medium, which must be greater than the decrease caused by the background signal (blanks). For reactions at pH 9.7 lower detection limit of decrease in absorbance rate of 40 mOD×min −1 was estimated.
In all cases it was possible to measure an initial rate of at least 5 min of reaction, depending on the concentration of enzyme. In addition, enzymatic activity for each condition was quantified. For kinetics of Savinase at pH 9.7 1117±87 U×mL −1 without salt, 544±49 U×mL −1 with 2 M NaCl and 306±20 U×mL −1 with 2 M KCl were obtained.
Detection system linearity
A linear relationship between enzyme amount and enzyme activity is desirable for a good precision of the method. The length of the linearity interval depends on the reaction being carried out in the steady state. For this, it is necessary to keep the substrate in excess and measure initial velocity when less than 10% of the substrate has been hydrolyzed (Brooks et al., 2004) .
Detection system linearity of pH-based method was validated. In Fig. 2g, 2h, 2i it is shown the effect of Savinase amount on enzyme activity at pH 9.7 with and without salt. A linearity interval was established by which the estimated initial velocities for each enzyme concentration correspond to the maximum velocity. The detection lower limit was observed using 40 ng of Savinase. Moreover, the maximum limit of detection was different according to the salt present on reaction media. Using either of the two conditions, without salt or with 2 M NaCl, a system saturation was observed when 240 ng of Savinase was used; whereas, with 2 M KCl it was observed from 150 ng. However, linearity interval will vary depending on the enzyme and pH tested.
It is worth mentioning that the tests carried out at the lower limit of detection reached a Z Factor value between 0 and 0.5, which corresponds to marginal tests. In addition, as the amount of enzyme increases, the Z Factor increases, which was greater than 0.5 starting from the tests carried out with 60 ng of Savinase both for the tests carried out without salt as well as for the tests carried out with 2 M NaCl or 2 M KCl (Supplementary Fig. 7) . A spectrophotometric assay is considered excellent when the Z Factor is greater than 0.5, due to which it is suggested that pHbased method is a good method to detect halo-alkaline and alkaline proteolytic activity. However, calculating the Z Factor is recommended for each enzymatic assay in order to verify the quality of the measurements.
3.6 Comparison of pH-based method and classical Folin's reagent to measure protease activity
To verify accuracy, pH-based method was compared with the classical Folin's reagent technique. Biochemical foundation of this technique consists in the quantification of amino acids and peptide fragments released by proteases through the formation of a blue chromophore constituted by the aromatic residues and a phosphotungtic-phosphomolibdenum complex (Blainski et al., 2013) . Absorbance value is compared with a standard curve of tyrosine to calculate enzymatic activity. In Folin's reagent technique one unit of protease activity is defined as the amount in micromoles of tyrosine equivalents released from casein per minute (Cupp-Enyard, 2008) . Unlike this, pH-based method does not measure the units of activity in tyrosine equivalents, but quantifies the amount of cleavage peptide bonds in HCl equivalent. However, both methods allow realizing the sodium caseinate proteolysis tests in different ionic strength, so it was decided to carry out a comparative study of both techniques.
Savinase and protease from Bacillus licheniformis activities were measured as a function of ionic strength. Assays were carried out under the same conditions for both methods. A 0.5 % (v×v −1 ) sodium caseinate substrate solution was used in a salt-free reaction medium and with 1 M to 4 M of NaCl at pH 9.7. Activity profiles are shown in Fig. 3 , both Savinase and protease from Bacillus licheniformis had the maximum activity in the absence of salt, almost as the saline concentration increases the protease activity decreases.
This phenomenon was observed when using either technique. Although the definition of protease activity Units is different for the Folin's reagent technique compared to the pH-based method, a similar estimation was observed for both methods in tests conducted at pH 9.7.
On the one hand, the enzymatic activity was measured in Anson Units using the Folin's reagent (Anson 1938; Cupp-Enyard 2008) , while using the pH-based method the Units of enzymatic activity are indirectly estimated as liberated amino groups.
However, it cannot be said that there is an equivalence of units, but only that there is a good approximation. Using the pH-based method it was possible to detect a lag phase of approximately 5 min in some kinetics performed at elevated ionic strength (3 M NaCl or more). This lag phase was also observed using the Folin's reagent technique, but in this case, it was necessary to perform several assays with different incubation periods. The activity profiles shown in Fig. 3 were determined by considering the maximum velocity achieved by monitoring the kinetics for 10 min.
3.7 Using pH-based method for alkaline proteases, pH effect
An assay was performed to measure the effect of pH on the enzymatic activity of four alkaline proteases using the pH-based method. For this, Savinase, protease from Bacillus sp., protease from Bacillus licheniformis and Curtizyme activities were measured at all pH level proposed. As expected, maximum activity for Savinase and protease from Bacillus licheniformis was observed at pH 9.7, whereas maximum activity for protease from Bacillus sp. and Curtizyme was observed at pH 10.9 (Fig. 4) . However, it is important to clarify that possibly the enzymatic activity measured at pH 7.4 and pH 8.2 is being underestimated due to the pK a of the amino groups of the peptides released. According to Adler-Nissen (1986) , in the determinations made at pH 7.4 approximately 50% of the amino groups released would be detected, while at pH 8.2 more than 85 % are detected. Nevertheless, it is necessary to determine the degree of dissociation of the amino groups under the test conditions of the pH-based method to calculate the correction factor 1/α proposed by Adler-Nissen.
On the other hand, it is estimated that in the tests carried out at pH 9.7 and 10.9 approximately 100% of the amino groups released are detected. Based on the foregoing, it is recommended to preferably use the test conditions at pH≥8.2 to ensure greater sensitivity of the pH-based method.
Conclusions
Protease assays than can be used in a high throughput screening platform are desirable. In particular, the development of useful methods for haloalkaline proteases are of great interest. The method developed www.rmiq.orguses casein as substrate, is performed in one step and can be followed in real time. Is time efficient, compared to classical methods and can be used in microplate format with good quality and sensitivity. Is useful in the prospection of new proteases from haloalkaliphilic microorganisms because high concentration of salt could be used in the assay 4M NaCl and pH from 7.4 to 10.9. Besides the method can be used in purification process due to large scale samples that could be processed with low requirements of reactants, as well as in the monitoring of protease activity in enzyme production cultures where proteolysis is undesirable (Ramos-Ibarra et al., 2017) .
